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Abstract 
 
Roof constructions of commercial and industrial buildings are often formed by wooden flat roofs with large beam spans. Thus, 
rafters with heights over 50 cm are common. Because of economic considerations such high cavities are usually not fully 
insulated. Moreover, these partly insulated roofs are mostly partly shaded by parapets, technical installations or adjacent 
buildings. Such partly insulated and partly shaded flat roofs are critically evaluated by building physicist. 
The present study reveals the hygrothermal behaviour of partly insulated and partly shaded wooden flat roofs, based on long term 
field and laboratory experiments carried out at the Holzforschung Austria (HFA). 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the CENTRO CONGRESSI INTERNAZIONALE SRL. 
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1. Introduction 
 
Fully insulated wooden flat roofs have been the topic of numerous research projects in building physics during 
the last years. Shaded roof surfaces were determined to induce critical moisture conditions, whereas sun exposed 
roofs show better drying [1, 2, 3]. In practice flat roofs are rarely completely sun exposed. Most roofs are partly 
shaded by parapets, technical installations, photovoltaic panels or neighboring houses. Moreover wooden flat roofs 
are commonly used for buildings with large beam spans and high rafters. Therefore a partly insulation of the roof 
elements would be preferred due to economic considerations. But until now building physicists regard air layers as 
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potential risk of structural damages [4, 5, 6, 7, 8, 9]. The aim of the present study is to investigate whether a partly 
insulation in a partly shaded situation induces critical moisture conditions in wooden flat roofs. 
 
2. Methodology 
 
2.1. Laboratory experiment 
 
Laboratory experiments were carried out in order to study the moisture content of the outer sheeting (3-layer 
board) and the hygrothermal activities in the air layer of partly shaded roof elements. For that purpose, elements 
with air layers at the cold side of the insulation of 0 cm (A), 5 cm (B) or 20 cm (C) with a constant insulation 
thickness of 20 cm were investigated. The experimental setup and the measurement positions are shown exemplarily 
for variant C in Fig. 1(a). At the lower surface, a vapour permeable sheet (sd = 0.03 m) is used as airtight layer, in 
order to enhance the moisture transfer from the indoor climate into the cavity. To prevent sorption in the peripheral 
areas, the side walls of the cavity are covered with a PE-film (sd > 100 m). As roof membrane an EPDM foil 
(sd = 98 m) is applied and for the cavity insulation mineral wool (ρ = 10.5 kg/m³, λD = 0.042 W/mK) is used. Partial 
sun exposition of the outer surface is simulated with heating mats, which are activated for 8 hours per day. The 
eave-side area remains exposed to the outside air temperature, so a partial shaded area is simulated at the same time. 
For the rest of the day, the heating mats are turned off and removed, so that the entire roof surface is exposed to 
outside air temperature. On weekends no sun exposition simulation takes place. In order to study the typical 
hygrothermal processes in the roof element during winter and summer periods, a moisture absorption period (winter) 
and a drying period (summer) are performed. The moisture absorption period shows a cold outdoor climate with low 
temperature differences between the shaded and the sun exposed area, whereas the drying period is characterized by 
a warm outdoor climate and a higher temperature difference between the shaded and the sun exposed area. The 
effectuated climate conditions and temperature differences are shown in Table 1. 
 
Table 1. Climate conditions for the laboratory experiment 
 
 
 
 
Period 
 
 
 
Indoor climate Outdoor climate 
Temperature difference 
between the shaded and 
sun exposed exterior 
surface 
Moisture absorption period 
(winter) 
 3°C / 85 % 10 K 
24°C / 58 % 
Drying period 
(summer) 
 21°C / 70 % 20 K 
 
2.2. Field experiment 
 
The field experiment allows to draw conclusions on the hygrothermal processes in partly shaded  flat roof 
elements in real climate conditions in a long term experiment. For that purpose, twelve different roof elements were 
examined on a south oriented 3° inclined roof on a research house in Stetten (Austria). The cavity of the elements is 
60 cm high, wherein one-third, two-thirds or the entire cavity is filled with mineral wool insulation (ρ = 10,5 kg/m³, 
λD = 0,042 W/mK). As vapour barrier and air-tight layer a moisture-adaptive membrane is used (sd,φ = 30% ≥ 9 m, 
sd,φ = 85% ≤ 1 m). The outer surface of the roof membrane (sd = 36 m) is slate-grey. In order to compare the influence 
of partial shading on the elements, six of the investigated elements are equipped with shading panels, whereas the 
other six elements show the same composition but are completely sun exposed. The roof segmentation,  the 
insulation level and the position of the shading elements are shown in Fig. 1(b). The shading panels of the elements 
parallel to the eaves (E1 to E4) are oriented in such a way that one half of the element (eave-side) is shaded during 
the whole year, while the other half of the element (ridge-side) is shaded only during the winter months. Due to the 
azimuth angle change of the sun, the permanent shaded parts of the roof are for a short time period sun exposed 
during the morning and evening hours. 
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a) b) 
 
 
 
 
Fig. 1. (a) Laboratory experiment: schematical presentation of the test set-up of variation C with indication of the measuring points (dimensions 
in mm). (b) Field experiment: plan of the roof with the roof segmentation and the cross section of the box sections to illustrate the insulation of 
each element. 
 
3. Results 
 
3.1. Laboratory experiment 
 
In the laboratory experiment, the effect of the partial shading on the moisture content of the outer sheeting and on 
the hygrothermal processes in the cavity are investigated. 
Effect of the air layer on temperature and humidity distribution. During the laboratory test, temperature and 
humidity in the air layer (variants B and C) respectively temperature and humidity between the outer sheeting and 
the insulation (variant A) were monitored at the sun exposed and shaded part of the element. Additionally, the roof 
surface temperature and the temperature within the outer sheeting were measured. 
Effect of the air layer on the moisture content of the outer sheeting. The moisture content of the outer sheeting 
was measured at 80 points. Fig. 3 shows the mean temperature-corrected average moisture content of the shaded 
area of the variants A, B and C. During the simulated winter period all variants show similar moisture absorption 
behaviour in the shaded area. During the drying phase, however, a significantly different response is observed. 
While for variants with air layer (B+C) the outer sheeting shows moisture decrease during the drying phase, it 
remains on a constant moisture level in the fully insulated variant A. [11] 
Fig. 2 shows the results of the measurements for variants A and C for three exemplary days during the drying 
period. The comparison of the temperatures is displayed in the first line: The roof surface temperature (sensor 86, 
91), the temperature within the outer sheeting (sensor 84, 92) and the temperature 3 mm below the outer sheeting 
(sensor 94, 95). Apparently, for the fully insulated element the temperatures at the three measurement points are 
similar as well in the sun exposed part as in the shaded part. However, for the partly insulated element, temperature 
differences between the three measurement points are clearly pointed out. The outer surface temperature in the sun 
exposed area is considerably higher than the temperature within the sheeting and the temperature in the air layer. 
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The three measurement positions display almost linear temperature decrease between the outer surface and the 
cavity. In contrast to that, in the shaded area the temperature in the air layer is higher than the outer surface 
temperature. This indicates a temperature distribution via the air layer from the sun exposed part to the shaded part 
of the roof element. 
The measurements of the relative humidity 3 mm below the outer sheeting are shown in the second line of Fig. 2. 
In the sun exposed area the fully insulated element shows a short rise of relative humidity at the beginning of the sun 
exposition, which then declines below the initial amount. For the partly insulated roof element a similar behaviour 
of the relative humidity is detected in the sun exposed area. However the short rise is less pronounced and the 
declination is more distinct compared to the fully insulated element. In the shaded area the fully insulated roof 
element shows constantly a very high relative humidity. The partly insulated element shows on the contrary to that a 
slight increase of relative humidity at the beginning of the sun exposition, which then declines even when the sun 
exposition stops. As it can be seen the relative humidity then decreases below the initial amounts. 
The comparison of the partial vapour pressure under the outer sheeting highlights the difference of the 
hygrothermal processes in fully insulated and partly insulated roof elements. The partial vapour pressure for the 
partly insulated element rises during the solarisation to an equal level for the sun exposed and the shaded area. 
Hence, a humidity transport from the sun exposed to the shaded area due to the solar irradiation is shown for a short 
time period at the beginning of the solarisation as in [10]. The fully insulated element shows high partial vapour 
pressures for the sun exposed area and almost no modification of the partial vapour pressure for the shaded area. 
Thus, a gradient of vapour pressure towards the indoor climate can be stated for the sun exposed part of the fully 
insulated and the partly insulated element and for the shaded part of the partly insulated element. But partial vapour 
pressure in the partly insulated element remains lower, compared to the sun exposed part of fully insulated elements. 
Thus, the principles of the relation of temperatures and humidity in the air layer of partly insulated, partly shaded 
elements could be specified. 
Effect of the air layer on the moisture content of the outer sheeting. The moisture content of the outer sheeting 
was measured at 80 points. Fig. 3 shows the mean temperature-corrected average moisture content of the shaded 
area of the variants A, B and C. During the simulated winter period all variants show similar moisture absorption 
behaviour in the shaded area. During the drying phase, however, a significantly different response is observed. 
While for variants with air layer (B+C) the outer sheeting shows moisture decrease during the drying phase, it 
remains on a constant moisture level in the fully insulated variant A. [11] 
 
 
Fig. 2. Temperature ϑ in °C, relative humidity φ in % and partial vapour pressure pv in kPa for the experiment configuration A (cavity completely 
insulated) and experiment configuration C (air layer of 20 cm) for three exemplary days during the drying period 
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Fig. 3. Mean temperature corrected moisture content u of the outer sheeting in the 
shaded area for variant A-C during the moisture absorbing phase and the drying phase. 
 
3.2. Field experiment 
 
 
Fig. 4: Temperature ϑ in °C, relative humidity φ in % and partial vapour pressure pv in kPa for element E4 (fully insulated) 
and E2 (partly insulated) of the field experiment for three exemplary days during summer 
 
In Fig. 4 the measurement data of three representative days in summer of the long term field experiment is shown. 
In each case, the temperature and humidity measurement took place 3 mm below the outer sheeting in the angle 
between the sheeting and the beam. Data highlights the effects of the air layer on the hygrothermal behaviour of 
partly shaded and partly insulated elements as demonstrated in the laboratory experiments. The temperature in the 
sun exposed cavity of the fully insulated element E4 is higher than in the partly insulated element E2 at the same 
time during solar irradiation due to higher thermal resistance because of different insulation levels. But temperature 
in the shaded part of the fully insulated element E4 is lower than in the partly insulated element E2, which indicates 
a temperature distribution through the air layer. Relative humidity in the fully insulated element E4 shows different 
levels for the sun exposed and the shaded part during all three days. However, for the partly insulated element 
relative humidity of the sun exposed and the shaded area are almost similar and differ only during sun exposition. 
The analysis of the whole summer period and comparison of the other investigated elements show better long term 
behavior for partly insulated elements than for fully insulated elements [11] 
As for the partial vapour pressure, a significant difference between the shaded area and the sun exposed area of 
the fully insulated element E4 is detected. In contrast the partial vapour pressure of the shaded and sun exposed area 
of the partly insulated element E2 differ slightly. The fully insulated element E4 shows a slow increase of partial 
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vapour pressure in shaded part during sun exposition, which indicates a diffusive vapour transport from the sun 
exposed part to the shaded part. Partial vapour pressure of the shaded part of the partly insulated element E2, 
however, increases faster. This effect indicates, that additionally to the diffusive vapour transport convective vapour 
transport takes place. 
 
4. Conclusion 
 
Until now, air layers in flat roof constructions are commonly regarded as unfavourable. The present investigation 
reveals a beneficial hygrothermal behavior of partly shaded wooden flat roofs with air layers between the insulation 
and the outer sheeting. Laboratory and field experiment points out a temperature exchange between the shaded and 
the sun exposed area of the air layer. The relative humidity shows at the beginning of the sun exposition a short rise 
in the shaded area, when humidity is transported from the sun exposed to the shaded part of the roof. Long therm 
field experiments show better drying behavior for the shaded part of partly insulated elements compared to fully 
insulated elements [11]. Partial vapor pressure rises to the same level in the sun exposed and shaded area of the 
partly insulated variant. Thus, a gradient of vapour pressure towards the indoor climate can equally be stated for the 
sun exposed and the shaded part of partly insulated elements. However, as a consequence of the air layer the partial 
vapour pressure in the sun exposed area of partly insulated elements remains lower, compared to those of fully 
insulated elements. The impact of this effect on drying of partly insulated elements needs to be determined in further 
research activities. Nevertheless, measurement data indicates convective vapour transport additionally to diffusive 
vapour transport for partly insulated elements. 
While hygrothermal conditions in the sun exposed and shaded part of the fully insulated element differ 
considerably, the conditions in partly insulated element present less difference. Thus, a beneficial effect on the 
drying during the summer period for the shaded area of partly insulated elements was revealed compared to the 
shaded area of fully insulated elements. Further details about the executed laboratory and field experiments as well 
as additional analysis of the gained data can be found in [11]. 
 
Acknowledgements 
 
The presented study was funded by the Austrian Research Promotion Agency (FFG) and supported by the 
Austrian Holzleimbauverband (ÖLV) and the company Progeo Monitoring GmbH. 
 
References 
 
[1] Bachinger J. Moisture behaviour of flat roofs in timber-frame construction. Particularly of not-ventilated flat roofs, whose insulation and 
beam layer are situated between vapour barrier or vapour brake and roof membrane. Thesis, TU Vienna, 2010. (in German) 
[2] Teibinger M, Nusser B, Bednar T. Low-pitched flat roofs in timber construction. Part 2. Results of numerical analysis. Project Report HFA- 
Nr.: P412, Vienna; 2010. (in Geman) 
[3] Winter S, Fülle C, Werther N. Experimental and numerical analysis of the hygrothermal behaviour of flat roofs in wood construction with 
upper vapor-tight membrane using ecological building products to achieve damage-free, sustainable structures. Project Report DGFH: Z 6 - 
10.08.18.7-07.18, Leipzig; 2009. (in German) 
[4] Adriaans, R. A roof damage caused by the ventilation system. In: Holzbau - die neue quadriga. 6; 2009. p. 60–62 (in German) 
[5] Adriaans, R. Overpressure goes before the fall – a flat-roof damage caused by the ventilation system. Holzschutz und Bauphysik, TU 
München (D); 2010. (in German) 
[6] Mohrmann, M. Moisture damage of a flat roof. In: Holzbau - die neue quadriga. 3; 2007. p. 13–17 (in German) 
[7] Mohrmann, M. Damage of a flat roof. Holzschutz und Bauphysik, TU München (D); 2010. (in German) 
[8] Oswald, R. Misguided. In: db. 7; 2009. p. 74–79 
[9] Borsch-Laaks, R. Consensus of the speakers at the congress „wood preservation and building physics” at Leipzig on 02/10-11/2011 to the 
subject: “Non-ventilated flat roofs in wood construction”. http://holzbauphysik-kongress.de/mediapool/69/694318/data/Konsens_ 
Flachdaecher_2011_03_ END.pdf. accessed 2013-08-27. Leipzig; 2011. (in German) 
[10] Nusser B. Hygrothermal behaviour of partly insulated roofs. Experimental design and initial results. In: Tagungsband Bauphysikforum; 
2013. p. 37–44 
[11] Nusser B, Bachinger, J, Teibinger M. Hygrothermal behaviour of partly insulated and partly shaded wooden flat roofs. In: Bauphysik 37; 
2015. p. 8-16 (in German) 
